In eight subjects anesthetized with moderate to high doses of inhalation anesthetics (isoflurane or des flurane) during normocapnia, the onset of electrical si lence in EEG was associated with a sudden reduction of blood flow velocity monitored from the middle cerebral artery. The magnitude of this reduction was 38 ± 11 % (mean ± SD; range 24-44%). The change in EEG always Abbreviation used: MCA, middle cerebral artery. 65 35 42 32 (+ +), EEG activity; (-), electrical silence.
There is normally a tight relationship between CBP and CMR02• Regional increase in flow asso ciated with an increase in metabolic activity has been demonstrated in experimental models as well as in humans (Aaslid, 1987; Ngai et aI., 1988; Droste et aI., 1989; Harders et aI., 1989; Ibayashi et aI., 1991) . In rats, stimulation of the sciatic nerve leads to an immediate increase in the diameter of the pial vessel supplying the corresponding sensory cortex in the brain, and this is associated with an increase in local adenosine concentration (N gai et aI., 1988; Ibayashi et aI., 1991) . In humans, stimulation of the visual cortex is immediately associated with an in crease in blood flow velocity in the posterior cere bral artery (Aaslid, 1987) . An increase in mental activity is also associated with an increase in CBP velocity (Droste et aI., 1989; Harders et aI., 1989) .
All commonly used volatile or inhalation anes thetics, including halothane, isoflurane, and enflu-preceded the change in flow velocity by 5-7 s. These observations suggest that some flow-metabolism cou pling mechanism is preserved during inhalation anesthe sia in humans. Key Words: Cerebral blood flow velocity Cerebral metabolism-Desflurane-Electroencephalo gram-Flow-metabolism coupling-Isoflurane-Volatile anesthetics.
rane, decrease CMR02 and increase CBP in varying degrees. Although the actual magnitude of change is different among the agents at equipotent doses, with halothane causing the least decrease in CMR02 but the largest increase in CBP and isoflu rane with the largest decrease in CMR02 but the smallest increase in CBP, the overall balance be tween CBP and CMR02 is nevertheless increased (Bendo et aI., 1992) . This phenomenon has been referred to as "lUXury perfusion" and is often ac cepted as evidence that inhalation anesthetics un couple cerebral blood flow and metabolism, since flow increases while metabolism decreases. How ever, Hansen et al. (1989) recently presented strong evidence that inhalation anesthetics alter the bal ance between CBP and CMR g lc but do not uncouple it. They showed that in rats anesthetized with halo thane or isoflurane, at any given anesthetic concen tration, variation in regional CMR g lc is followed by a parallel change in CBP. We hypothesize that this coupling between CBP and CMR during inhalation anesthesia also occurs in humans, and to our knowl edge this has not been reported previously ' . This brief communication reports our findings in a series of patients where we observed a sudden decrease in middle cerebral artery (MCA) blood flow velocity (V mea) concomitant with onset of electrical silence in EEG during high-dose inhalation anesthesia.
METHODS
The data reported in this communication are a collec tion of observations made during the course of two stud ies. The studies carried out include investigations on the influence of isoflurane on CBF velocity response to CO2 and the influence of inhalation anesthetics (isoflurane and desflurane) on cerebral autoregulation. Both studies were approved by the University of Washington Human Sub jects Review Committee, and all subjects gave written informed consent. A total of eight patients are included in this report, four of whom were undergoing studies during isoflurane anesthesia and the other four during desflurane anesthesia. All patients were neurologically normal and free of systemic disease and were having orthopedic pro cedures on the extremities under general anesthesia when these studies were performed. Their age was 32 ± 8 years (mean + SD, range 1�3 years). In both studies, EEG activity and V mca measured from the right or left MCA were monitored continuously during the study. EEG was monitored with a two-channel frontooccipital montage and displayed in the conventional standard (50 f-l V /cm). MCA flow velocity was determined as described previ ously (Eng et aI., 1992) . Briefly, the transcranial Doppler monitor probe that transmits a 2-MHz pulsed wave was positioned over the right or left temporal bone window and anchored using a specially designed face-mounted frame or a standard head harness so that the angle of insonation remained constant throughout the study. Doppler signals from the MCA were identified and mea sured at a depth of 45-50 mm. The shift in frequency spectra of the Doppler signals converted into velocity was displayed on a video monitor, and the time-mean V mca of the maximal spectral outline was displayed. Observations made in the CO2 reactivity studies were recorded with a CDS or Transpect Transcranial Doppler (Medasonics, Fremont, CA, U.S.A.), whereas the observations made during the autoregulation studies were recorded with the Multidop (DWL, Sipplingen, Germany). With the latter equipment, both raw EEG activity and V m ea were re-corded in real-time simultaneously onto a hard disk and subsequently analyzed off-line.
In both studies the patients were induced with thiopen tal 5-6 mg . kg -1 and fentanyl 3 f-lg . kg-I, and the tra chea intubated after facilitation with succinylcholine 1 mg . kg -1 or vecuronium 0.1 mg . kg -I. Mechanical ventilation was adjusted to achieve normocapnia at the time of these observations. A 20-gauge catheter was in serted into a radial artery for direct measurement of MABP. During the studies, MABP, Ymca, and end-tidal CO2 and anesthetic concentration were monitored con tinuously, and blood samples were drawn for determina tion of Pac02 when EEG suppression developed. Obse � vations of the EEG activity progressing from rhythmIC a/a activity to burst suppression to electrical silence were all made during stable conditions when the subjects had been equilibrated to an end-tidal concentration of 1.5-2.0 MAC (minimum alveolar concentration) of isoflurane or desflurane for 5-10 min. A 0.01% phenylephrine intrave nous infusion was given to maintain MABP above 65 mm Hg. The V mea recorded during active EEG activity just be fore the occurrence of electrical silence was compared with the V recorded during silent EEG using Student's paired t te�t. a A p value of <0.05 was considered signifi cant.
RESULTS
The body temperatures in all patients were main tained above 36°C. Table 1 outlines the changes in V mea with the change in EEG activity from active to electrical silence in all subjects. The corresponding MABP and P aco2 are also displayed. The decrease in V m ea with development of electrical silence is highly significant (p < 0.001) and was sustained as long as EEG remained isoelectric (measured for up to 20 min in our observations). Reappearance of EEG activity was accompanied by a sudden in crease in V mea' although these latter changes were not as well documented. The change in EEG pat- 
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tern always preceded the change in V mea by -5-7 s. A representative recording of the simultaneous change in MABP, V mea' and EEG activity is shown in Fig. 1 . With the onset of electrical silence in EEG, the flow velocity decreased by 38 ± 11 % (range 24-44%).
DISCUSSION
The observations we made in this series of pa tients demonstrated that flow-metabolism coupling occurs during inhalation anesthesia in humans with the onset of EEG silence. The results are not sur prising in view of the study by Hansen et al. (1989) , but are at variance with conventional wisdom. Con sequently, we believe it is important to report these findings, as these changes have not been reported previously in humans. These observations also sug gest that investigations on the cerebral hemody namic influence of inhalation anesthetics should in clude measurement of EEG activity.
As we did not set out to study these phenomena, healthy skepticism is required before we accept these findings and our interpretation as valid. How ever, we see no confounding variables that would fundamentally affect the observations we made in this series of patients. Although the primary objec tive of these studies was not the change in V mea with the change in EEG activity, the observations were made during stable normotension, normocapnia, normothermia, and after at least 5-10 min of un changed end-tidal concentration of the respective anesthetic agent. Thus, all patients were at rela-150 tively steady state physiologically with the excep tion of the development of electrical silence on EEG. Moreover, these patients were not selectively reported. Not all patients would develop silent EEG with the doses of inhalation anesthetics given; hence, only the responses of those patients who did develop silent EEG were included. We have since observed this phenomenon in many more patients who developed EEG isoelectricity under high-dose inhalation anesthesia, although not under controlled conditions as reported in this series.
The use of phenylephrine to support the blood pressure within the normal range should not affect these findings. Direct peripheral vasoconstrictors have no effect on CBF (Oleson, 1972) , and phenyl ephrine has negligible effect on the diameter of the MCA (Giller et aI., 1993) . Vasoconstriction, should it occur, would increase and not decrease flow ve locity. Moreover, all subjects were maintained on a constant rate of infusion when the changes in EEG occurred. The abruptness of changes in both EEG and V mea also argues against the possibility of inha lation anesthetics causing dilation of the MCA, as such dilation would be expected to be gradual and no decrease in V mea had been observed before the onset of EEG silence.
Since we did not have access to jugular bulb ve nous oxygen saturation and CBF velocity is not equivalent to CBF (although changes in flow veloc ity reflect corresponding relative changes in flow), we are unable to comment on the actual balance between CBF and CMR02 when these changes occur. The prompt change in flow velocity con comitant with change in EEG activity, however, strongly suggests qualitatively if not quantitatively that some flow-metabolism coupling regulatory ca pacity is preserved during inhalation anesthesia. Our observations support the dual action hypothe sis proposed by Lam et al. (1994) and suggested by Hansen et al. (1989) . Simply stated, this says that the cerebrovascular action of the inhalation anes thetics including nitrous oxide is dependent on the balance between two opposing effects: the direct cerebral vasodilative action versus the indirect me tabolism-mediated cerebral vasoconstriction. The latter is analogous to the cerebral vasoconstrictive action of thiopental being dependent on its meta bolic suppressive activity.
Although the mechanism of the cerebral vasodi lative action of volatile anesthetics remains unclear, and nitric oxide has been proposed as the mediator (McPherson et aI., 1993) , the results have not been completely consistent (Wei et al., 1993) . It is pos sible that more than one mechanism is involved in the regulation of cerebral vascular tone during in halation anesthesia. Physiologically, there have been many studies suggesting that adenosine is the metabolic regulator of the cerebral circulation (Winn et al., 1981) . The temporal sequence of the change we observed suggests that this change in vascular tone with change in EEG activity is meta bolic in nature. It is interesting to note that in dy namic cerebral autoregulation studies, the time course of autoregulation is in the order of 5-6 s (Aaslid et aI., 1989) . This duration is consistent with the observed time lag between EEG change and V mea change and suggests that normal autoregula tion is at least partiy metabolic in nature. At the same time, Olsen et al. (1994) reported that isoflu rane at 2 MAC abolished the autoregulatory re sponse and uncoupled flow-metabolism (EEG was not monitored). By contrast, our observations sug gest that high-dose inhalation anesthetics do not abolish the flow-metabolism coupling-mediated re sponse during onset of silent EEG. Although spec ulative, these findings would be compatible with a mechanism involving more than one mediator or the interaction of multiple mediators in the regulation of cerebral vascular tone.
In conclusion, our observations demonstrated that onset of EEG silence is associated with an abrupt decrease in CBF velocity, suggesting that the flow-metabolism coupling mechanism is at least partially preserved during high-dose isoflurane and desflurane anesthesia in humans.
